Abstract Previous studies of the association of meat intake and meat-derived mutagen exposure with breast cancer risk have produced inconsistent results. We evaluated this association in a population-based case-control study of incident breast cancer conducted in Nashville, Tennessee, United States, including 2,386 breast cancer cases and 1,703 healthy women controls. Telephone interviews were conducted to obtain information related to meat intake including amount, cooking methods, and doneness levels, as well as other known or hypothesized risk factors for breast cancer. Unconditional logistic regression was used to derive odds ratios (ORs) after adjusting for potential confounders. High intake of red meat was associated with a significantly elevated risk of breast cancer (P-trend \ 0.001). The association was particularly strong for high intake of well-done red meat (P-trend \ 0.001), with an adjusted OR of 1.5 (95% CI = 1.3-1.9) for the highest versus the lowest quartile. Associations between red meat and breast cancer risk were slightly stronger for postmenopausal women than for premenopausal women. Meat-derived mutagens such as 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline and 2-amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline, were significantly associated with increased breast cancer risk among postmenopausal women only (P-trend = 0.002 and 0.003, respectively). The results from this study provide strong support for the hypotheses that high red meat intake and meat-derived mutagen exposure may be associated with an increase in breast cancer risk.
Introduction
High meat intake has been suggested to be associated with an increased risk of breast cancer [1] . Results from previous studies, however, have been inconsistent. An early meta-analysis of 14 cohort studies and 31 case-control studies showed a positive association [2] . In contrast, a pooled analysis of nine cohort studies did not find apparent evidence for an association [3] . Results from more recent studies are also conflicting [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . While some studies support a positive association [4, [6] [7] [8] [9] 11 ], others do not [10, [12] [13] [14] [15] 17] .
One possible explanation for this inconsistency is that the association between meat consumption and breast cancer may differ by meat type, meat cooking method, and meat doneness [18] . The amount of meat-derived mutagens, such as heterocyclic amines (HCAs) and polycyclic aromatic hydrocarbons (PAHs), is related to the methods of cooking as well as cooking temperatures and duration. These mutagens have been shown to induce mammary gland tumors in animal models [19, 20] . Epidemiologic studies, however, have been inconsistent in the association between consumption of well-done meat intake (and thus exposure to meat-derived mutagens) and risk of breast cancer. Most previous studies did not comprehensively assess meat intake by cooking methods and doneness levels, and thus measurement error is a major concern. Herein, we describe findings from a large population-based casecontrol study conducted in Tennessee, USA, to evaluate the association of breast cancer risk with well-done meat intake and meat-derived mutagen exposures.
Subjects and methods
Nashville breast health study NBHS is a population-based case-control study conducted between February 1, 2001 and December 31, 2008 , in Nashville, Tennessee. Included in the study were 2,386 breast cancer cases and 1,703 healthy women controls. Eligible cases were women who were newly diagnosed with primary breast cancer (invasive ductal or ductal carcinoma in situ) between the ages of 25 and 75 years old. They had no prior history of cancer other than non-melanoma skin cancer. The majority of participants (92%) were residents of the Nashville eight-county metropolitan area. Eligibility criteria for study participation included a resident telephone, English speaking, and capable of providing informed consent. Control subjects had virtually identical criteria to cases with the exception that they had no prior breast cancer diagnosis. Included in the study were 1,482 control subjects who were identified by random digit dialing (RDD) of households in the same eight counties including and surrounding the Nashville metro area. Controls identified using the RDD protocol accounted for 87% of all control subjects included in the study. The remaining controls for the study were identified mostly from women who received a screening mammography with a normal finding (equivalent to Breast Imaging Reporting and Data System 1 or 2 (BI-RADS 1 and 2) [21] . This study was approved by the Institutional Review Boards of Vanderbilt University, the Tennessee State Cancer Registry, and the local area hospitals where recruitment was conducted.
The NBHS is ongoing and additional cases and controls are being recruited. Current participation rates are approximately 62% for eligible cases and 71% for eligible controls. The main reasons for non-participation for cases included poor health, participation refusal, inability to contact the patient, and for controls included visiting other cities, changes of address, loss of communication, and refusal to participate. A total of 4,117 subjects (2,409 cases and 1,708 controls) successfully completed a telephone interview, including the questionnaire for well-done meat intake. Among these, 3,620 participants completed a selfadministered food frequency questionnaire (FFQ) developed for a similar southern US population [22, 23] .
Assessment of meat intake
Participants were asked to complete an interviewer-administered telephone interview to obtain information regarding medication use, demographics, medical history, and selected lifestyle factors, including questions about usual intake frequency and portion size of 11 meats in the previous year before interview (for controls) or cancer diagnosis (for cases). Intake of meat includes hamburgers or cheeseburgers from fast food, hamburgers or cheeseburgers not from fast food, beef steaks, pork chops or ham steaks, bacon, sausage, hot dogs/franks, chicken, fish, meat gravies made with drippings, and short ribs or spareribs. Data were obtained regarding intake frequency and usual portion size of each meat item. For each meat item (except hamburgers or cheeseburgers from fast food and meat gravies made with drippings), the proportion of time the meat was prepared using each of the cooking methods was estimated for: ovenbroiled or oven-baked, grilled or barbecued, pan fried, deep fried (for chicken and fish), and all other ways.
Participants were also asked to report their usual preference level of meat doneness over the previous year before interview (for controls) or cancer diagnosis (for cases) by using a series of color photographs of each meat item, labeled with a number between 1 and 3 to represent increasing levels of doneness. Photos were displayed for seven meat items: hamburger patties, beef steaks, pork chops, bacon, grilled chicken, pan fried chicken, and pan fried or grilled fish. For each meat item, participants were asked whether each of their cooked items usually looked less than one, about the same as one, about the same as two, about the same as three, or more than three. There were five categories in total, representing rare, medium, or just done, well-done, very well-done, and extremely very well-done. All participants who completed questions on food doneness had the photograph booklet in front of them during the telephone interview. The questionnaire for our study was modified from those used in previous studies [11, 24] , including our previous studies for breast cancer [25] and colorectal polyps [23] .
Statistical analysis
Meat was classified by type (red, chicken, fish, and processed). Intakes and exposure levels were categorized into 4-5 groups for statistical analysis. Red meat included hamburgers, cheeseburgers, beef steaks, pork chops, ham steaks, and ribs (short ribs or spareribs). Processed meat included bacon, sausage, and hotdogs/franks. Total meat included all red meat items, chicken, fish, processed meat, and meat gravies made with drippings. The software CHARRED, which was developed by the US National Cancer Institute [24] , was used to estimate exposure levels to meat-derived mutagens, including 2-amino-3,
(DiMeIQx), 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP), benzo[a]pyrene, and the overall mutageneity index, as measured by revertants colony. Average values of mutagen levels of pork chops and ham in the CHARRED database were used for the item ''pork chops or ham steaks'' in our questionnaire, and average values of broiled chicken and baked chicken in the database were used for the item ''chicken cooked by oven broiled or oven baked'' in our questionnaire. Sausages are typically cooked to well-done level, and thus mutagens for well-done sausages from the CHARRED database were used. No carcinogen information is available in the CHARRED database for hotdogs, fish, or short ribs. Therefore, these foods were not included in the calculation of HCAs and PAHs exposure level.
Generalized linear models and Mantel-Haenszel v 2 tests were used to compare the distribution of demographic characteristics and known risk factors for breast cancer between case and control groups with adjustment for age when appropriate. Unconditional logistic regression models were used to estimate odds ratios (OR) and their 95% confidence intervals (CI) for the association between exposures and breast cancer. The quartile or quintile distributions in the controls were used to determine the cut-off points for categorization of the exposure variables. Adjusted variables in multivariate analysis included age (40, 40- , and known risk factors for breast cancer such as first-degree relative breast cancer history (yes/no), personal history of benign breast diseases, parity, age at first birth (years; continuous), hormone replacement therapy (yes/no), age at menarche, BMI [weight (kg)/ height (m) 2 ; continuous], regular alcohol intake (yes/no), regular exercise participation (yes/no), smoking status (never/ever), and total energy intake (kcal/day; continuous). Energy intake level for those who did not provide FFQ information (n = 488, 10.9% of total subjects) was imputed with age-specific (\40, 40-49, 50-59, C60) mean values. Sensitivity analyses were also performed for two conditions, excluding participants without FFQ information or excluding non-RDD controls (n = 221). Excluded from this study were 23 cases and five control subjects who did not provide completed data on all meat consumption (6 cases and 1 control), or those missed all or most of doneness levels for individual meats (23 cases and 5 control). Total consumption was estimated by summing across all levels of meat consumption. Missing doneness levels for individual meats (in a total of 25 subjects) were assigned for the meat-specific medium doneness level. The current analyses included 2,386 cases and 1,703 controls. P-values for trend tests were derived by entering categorical variables as ordinal variables in the models [26] . Heterogeneity tests were conducted in the polytomous model, testing the null hypothesis that the regression coefficient for each meat intake and meat-derived mutagen exposure was the same between premenopausal and postmenopausal women. P-values of B0.05 (2-sided probability) were considered as being statistically significant. Statistical tests were based on two-sided probabilities using SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina).
Results
Distributions of demographic and selected breast cancer risk factors for cases and controls are presented in Table 1 . Compared with controls, cases were more likely to be older and non-white because of imperfect frequency matching of these variables. Cases were less educated and were from lower-income households. They were more likely to have a first-degree relative with breast cancer, a history of benign breast disease, be postmenopausal, have entered menopause at a later age, have a higher body mass index (BMI), and report less regular physical activity than controls (P \ 0.05). Cases were less likely to use hormone replacement therapy, were younger at first live birth, were older at menarche, and were less likely to drink alcohol regularly. All of the above variables were considered potential confounders and adjusted for in the subsequent multivariate analyses. Cases and controls were similar in parity, number of live births, cigarette smoking, total fat intake, and total energy intake.
The median intake of meat and meat-derived mutagen exposure is presented in Table 2 by case-control status. Total meat intake was significantly higher among breast cancer cases compared to controls, primarily due to higher intake of red meat (18.9% median case/control difference, P \ 0.001) and processed meat (15.2% median difference, P = 0.006) among cases. Cases also reported a higher intake of well-done meat, and this difference was largely due to a higher intake of well-done red meat (19.4% difference, P \ 0.001). Cases and controls consumed a similar amount of chicken, well-done chicken, and fish. Cases also had higher exposure to meat-derived mutagens such as MeIQx and DiMeIQx, and total meat-derived mutageneity than controls, but not to PhIP and benzo[a]pyrene. Table 3 shows the association of red meat intake with breast cancer risk by cooking methods. Red meat intake from all cooking methods was positively associated with breast cancer risk (P-trend \ 0.001). Increased risk was primarily from consuming red meat cooked at high temperatures, i.e., grilled (P-trend \ 0.001), fried (P-trend \ 0.001), and to a less extent broiled red meat (P-trend = 0.028). Overall, a high intake of red meat cooked at high temperatures was positively associated with an elevated risk of breast cancer (P-trend \ 0.001). No apparent association, however, was observed for red meat cooked by other methods which use lower cooking temperatures (P-trend = 0.429). Table 4 presents results for the association of breast cancer risk with individual red meat items cooked well-done. Statistically significant associations were found for a high intake of non-fast food hamburger, pork chops, short ribs or spareribs, and bacon. No apparent associations were found for beef patties/ steaks, sausages, and hotdogs or franks.
The association of breast cancer risk with exposure to meat-derived mutagens is presented in Table 5 . High intake of both MeIQx (P-trend = 0.001) and DiMeIQx (P-trend = 0.025) were associated with an elevated risk of breast cancer. No significant associations were observed for breast cancer risk with PhIP, benzo[a]pyrene, and total meat-derived mutageneity. Further analyses were performed by menopausal status (Table 6 ). With the exception of total meat, PhIP, and benzo[a]pyrene, more significant associations with red meat and meat-derived mutagen exposure were found for postmenopausal breast cancer than for premenopausal breast cancer, although the heterogeneity test was not statistically significant, except for DiMeIQx (P-heterogeneity = 0.042). The association with MeIQx and DiMeIQx exposure only was statistically 
Discussion
We observed positive associations of breast cancer risk with high intake of red meat, and well-done red meat, or high exposure to meat-derived mutagens (MeIQx and DiMeIQx). Some of the associations were found to be a Odds ratio was adjusted for age group, ethnicity, educational attainment, family income, first degree relative breast cancer history, personal history of benign breast disease, hormone replacement therapy, age at menarche, menopause status, ever have live birth, BMI, regular physical exercise, regular alcohol consumption, and study period stronger for post-menopausal women than for premenopausal women. The elevated risk was primarily from consuming red meat cooked at high temperature. These results are consistent with the hypothesis that high intake of meat may be associated with an elevated risk of breast cancer, and this positive association may be mediated in part through exposure to meat-derived mutagens. Epidemiologic studies examining meat intake in relation to breast cancer risk have been inconsistent. We found a clear positive association of breast cancer risk with red meat and also with red meat cooked at high temperature. This is in line with some [5, 18, 25, 27] , but not all, previous studies [12, 28, 29] . Several recent studies did not support an association between red meat intake and overall breast cancer risk but suggested that red meat cooked at high temperatures may increase the risk of some breast cancers [5, 13, 15] . We have previously shown that women who consistently consumed very well done red meats had a 4.62 times higher risk (95% CI = 1.36-15.70) than that of women who consumed those meats rare or medium done [25] . Dietary intake of well-done meat and meat-derived HCAs are significantly correlated with DNA adducts in female breast tissue [30] . It is possible that high red meat intake increases the risk for breast cancer, at least in part, through meat-derived HCAs generated in high temperature cooking.
Intake levels of meat-derived mutagens may differ remarkably across countries. For a US population, Layton et al. [31] calculated an average intake for HCAs of 26 ng/ kg body weight/day, whereas in European countries, the estimated intake levels were much lower, about 2.5 ng/kg body weight/day [32] to 5 ng/kg body weight/day [33] . A recent large study conducted in Europe found that the frequency of high-temperature cooking varies considerably between countries [15] , which may explain some of the inconsistent findings from previous studies conducted in different populations. Since HCA levels are determined to a large extent by cooking methods and doneness levels, studies that did not assess cooking methods and doneness levels may suffer considerably from errors in estimating HCA exposure. Only a few epidemiologic studies have comprehensively assessed meat intake by cooking time and doneness level [1] . Many earlier studies included only a few items of meat cooked at high-temperature in the food P for heterogeneity = 0.110 a Three participants with unknown menopausal status were excluded. Thus, 4,086 subjects were included b Adjusted for age group, ethnicity, educational attainment, family income, total energy intake, first degree relative breast cancer history, personal history of benign breast disease, hormone replacement therapy, age at menarche, have live birth, BMI, regular physical exercise, regular alcohol consumption, and study period frequency questionnaire. In a recent report from the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO) study, a large cohort study that comprehensively assessed meats and meat-derived mutagens, Ferrucci LM et al. [11] reported that red meat and MeIQx were associated with the risk of postmenopausal invasive breast cancer, which is consistent with our findings. We did not find PhIP to be associated with an elevated breast cancer risk. Previous studies that addressed meatderived mutagens mainly focused on PhIP, because it is the most abundant heterocyclic amine in the US diet [31] . In our current study, more than 60% of PhIP was derived from chicken, using estimates from the CHARRED database. As with several previous studies, we did not find any positive association between chicken intake and breast cancer risk [29, 34] . The lack of a positive association between dietary PhIP exposure and breast cancer risk is puzzling, and the reasons for this observation are unclear.
Most MeIQx and DiMeIQx were derived from red meat [31] . For example, more than 85% of MeIQx in the current study originated from red meat (data not shown). The exposure level to MeIQx through diet was considerably higher than DiMeIQx. In addition, MeIQx and DiMeIQx were approximately three-to seven-fold more potent than PhIP assessed by mean potencies from the given multipotent carcinogenicity on a body surface area basis [31] , and were also more strongly associated with other cancers than was PhIP [35] . However, it was difficult to disentangle the individual effect of MeIQx and DiMeIQx since their exposure levels were highly correlated (r = 0.80) and could not be adjusted in the same model.
Strengths of this analysis include the comprehensive assessments of meat intake and meat-derived mutagen. Similarly to other case-control studies, recall bias could be a concern. However, there is no reason to speculate that breast cancer cases would recall intake of well-done meats substantially differently from controls. Measurement error in dietary assessment is a concern, which typically results in attenuation of risks. Although all major known risk factors for breast cancer were adjusted for, it is possible that some residual confounding effect may remain. The response rate is not optimal, although it is comparable with most other case-control studies conducted during a similar time frame [36, 37] . The specific associations with intake of meat using high temperature methods but not with intake of meat cooked using low temperature methods cannot be explained entirely by possible selection bias.
In summary, this large study provides strong evidence for a positive association between red meat intake and meat-derived mutagen exposure with breast cancer risk. The results from our study provide justification to conduct cohort studies to elucidate these associations further and evaluate potential interactions of genetic factors with dietary exposure to meat-derived mutagens in the etiology of breast cancer. With few modifiable risk factors for breast cancer and consistent harmful effects for red meat seen for colorectal cancer [38] , cardiovascular diseases [39] , and type 2 diabetes [40] , it is prudent to suggest women reduce their intake of well-done red meat.
